One in two survivors experience impairment in touch sensation after stroke. The nature of this impairment is likely associated with changes associated with the functional somatosensory network of the brain; however few studies have examined this. In particular, the impact of lesioned hemisphere has not been investigated. We examined resting state functional connectivity in 28 stroke survivors, 14 with left hemisphere and 14 with right hemisphere lesion, and 14 healthy controls. Contra-lesional hands showed significantly decreased touch discrimination. Whole brain functional connectivity (FC) data was extracted from four seed regions, i.e. primary (S1) and secondary (S2) somatosensory cortices in both hemispheres. Whole brain FC maps and Laterality Indices (LI) were calculated for subgroups. Inter-hemispheric FC was greater in healthy controls compared to the combined stroke cohort from the left S1 seed and bilateral S2 seeds. The left lesion subgroup showed decreased FC, relative to controls, from left ipsi-lesional S1 to contra-lesional S1 and to distributed temporal, occipital and parietal regions. In comparison, the right lesion group showed decreased connectivity from contra-lesional left S1 and bilateral S2 to ipsi-lesional parietal operculum (S2), and to occipital and temporal regions. The right lesion group also showed increased intra-hemispheric FC from ipsi-lesional right S1 to inferior parietal regions compared to controls. In comparison to the left lesion group, those with right lesion showed greater intrahemispheric connectivity from left S1 to left parietal and occipital regions and from right S1 to right angular and parietal regions. Laterality Indices were significantly greater for stroke subgroups relative to matched controls for contra-lesional S1 (left lesion group) and contra-lesional S2 (both groups). We provide evidence of altered functional connectivity within the somatosensory network, across both hemispheres, and to other networks in stroke survivors with impaired touch sensation. Hemisphere of lesion was associated with different patterns of altered functional connectivity within the somatosensory network and with related function was associated with different patterns of altered functional connectivity within the somatosensory network and with related functional networks.
A B S T R A C T
One in two survivors experience impairment in touch sensation after stroke. The nature of this impairment is likely associated with changes associated with the functional somatosensory network of the brain; however few studies have examined this. In particular, the impact of lesioned hemisphere has not been investigated. We examined resting state functional connectivity in 28 stroke survivors, 14 with left hemisphere and 14 with right hemisphere lesion, and 14 healthy controls. Contra-lesional hands showed significantly decreased touch discrimination. Whole brain functional connectivity (FC) data was extracted from four seed regions, i.e. primary (S1) and secondary (S2) somatosensory cortices in both hemispheres. Whole brain FC maps and Laterality Indices (LI) were calculated for subgroups. Inter-hemispheric FC was greater in healthy controls compared to the combined stroke cohort from the left S1 seed and bilateral S2 seeds. The left lesion subgroup showed decreased FC, relative to controls, from left ipsi-lesional S1 to contra-lesional S1 and to distributed temporal, occipital and parietal regions. In comparison, the right lesion group showed decreased connectivity from contra-lesional left S1 and bilateral S2 to ipsi-lesional parietal operculum (S2), and to occipital and temporal regions. The right lesion group also showed increased intra-hemispheric FC from ipsi-lesional right S1 to inferior parietal regions compared to controls. In comparison to the left lesion group, those with right lesion showed greater intrahemispheric connectivity from left S1 to left parietal and occipital regions and from right S1 to right angular and parietal regions. Laterality Indices were significantly greater for stroke subgroups relative to matched controls for contra-lesional S1 (left lesion group) and contra-lesional S2 (both groups). We provide evidence of altered functional connectivity within the somatosensory network, across both hemispheres, and to other networks in stroke survivors with impaired touch sensation. Hemisphere of lesion was associated with different patterns of altered functional connectivity within the somatosensory network and with related function was associated with different patterns of altered functional connectivity within the somatosensory network and with related functional networks.
Introduction
One in two stroke survivors experience clinically significant impairment or loss of touch sensation (Carey et al., 2011; Doyle et al., 2010) . Post stroke, damage to the somatosensory system has been associated with increased length of hospital stay, decreased daily activity and mobility (Sommerfeld and von Arbin, 2004) and negatively impacts on recovery outcomes (Kessner et al., 2016) . Despite the high prevalence of sensory impairment, the impact of stroke on changes in neural networks that support processing of tactile information remain virtually unknown.
In healthy participants, inter-hemispheric interaction has been observed during tactile processing (Eickhoff et al., 2008; Kastrup et al., 2008; Klingner et al., 2010; Schäfer et al., 2012) . For example, Eickhoff et al. (2008) found sensory stimulation of the hand produced increased probability of activation in the primary somatosensory cortex (S1) contralateral to the hand stimulated and a higher probability of deactivation in ipsi-lateral S1. The secondary somatosensory cortex (S2) exhibited high probability of activation in both hemispheres. Kastrup et al. (2008) reported deactivation changes in a spatially extended S1 region in the same hemisphere as the hand stimulated that was correlated with a simultaneous increase in perception thresholds of the unstimulated finger. Schäfer et al. (2012) using electrical stimulation of the median nerve found an increase in contralateral S1 response and ipsi-lateral decrease, while S2 showed bilateral activation. This pattern appears to be similar across tactile stimuli (Lee et al., 2016) . Interaction between the two hemispheres is thought to arise from a circuit involving connectivity between the S2 regions via callosal fibres (Chung et al., 2014; Klingner et al., 2010; Wegner et al., 2000) . These studies suggest the perception of tactile sensation involves complementary inter-hemispheric activity of S1 and S2 coupled with distinct activation and deactivation patterns.
The analysis of resting state functional connectivity (FC) using functional MRI (fMRI) provides a useful method to examine changes in brain networks post-stroke (Carey et al., 2013; Ovadia-Caro et al., 2014) . FC represents stable (Biswal et al., 2010) , intrinsic correlations in the haemodynamic signal typically examined at low frequencies (< 0.1 Hz) relating to cortical connections. Connections between regions (networks) are grey matter localised, anatomically distinct (although some overlap does exist; Tomasi and Volkow, 2011) , found across neuroimaging modalities (Brookes et al., 2011) , and are thought to show neural energy demands of regions that have become connected through Hebbian processes, suggesting a common functional purpose (Cole et al., 2010; Smith et al., 2009) . Networks have high correspondence with anatomical regions that are activated during tasks and are thought to underlie a large collection of sensory and cognitive processes (Smith et al., 2013) .
Two primary reasons make FC methods attractive to study vulnerable populations, such as stroke survivors. First, FC acquisition and the demands placed on participants are markedly lower than standard taskrelated fMRI studies as participants are simply required to lie in the scanner during the scan and remember basic instructions. In contrast, the cognitive and physical demands of a task-based study may be difficult after a stroke and in turn can impact performance and subsequent results (Carter et al., 2012) . Second, FC allows for the examination of sub network, network and internetwork connectivity in unison and exploration of the impact neurological damage may have on how these regions connect. This is ideal for deficits caused by stroke lesions, which have been suggested to alter brain functioning both local, and remote, to the lesion area (Carey et al., 2013; Grefkes and Fink, 2014) .
Changes in FC have been described in motor recovery under restingstate and task conditions (Grefkes and Ward, 2014) . Resting-state studies indicate the importance of inter-hemispheric connectivity in motor recovery (Carter et al., 2010) while task based studies highlight the role of disrupted ipsi-lesional connectivity (Rehme and Grefkes, 2013) . Despite the potential advantages of using FC for examination of reorganization of the somatosensory system following stroke, few studies have made use of the technique. Dinomais et al. (2013) examined rest period derived FC from a task in two young adult groups of perinatal stroke survivors with middle cerebral artery (MCA) based and periventricular lesions (PL). The study explored FC from cortical regions of interest (seeds) within the ipsi-and contra-lesional S1 areas to ipsi-and contra-lesional S1, S2 and cerebellar areas. Decreased functional connectivity was found for ipsi-lesional seed to ipsi-lesional S2 for the MCA compared to the PL group, but no other seeds/regions showed significant changes. No differences were found between the two groups when controlling for grey matter volume, however group sizes were small (6 and 8 subjects in the MCA and PL groups respectively) and no comparisons to healthy controls were undertaken. Data were flipped so lesions were represented within a single hemisphere within groups. Bannister et al. (2015) used FC to explore changes in somatosensory network reorganization over a six month period post-stroke. Using bilateral S1, S2 and thalamus as seed regions, they observed significant decreases in FC from the contra-lesional S1 seed to the contra-lesional occipital lobe at one month post-stroke compared to healthy controls. In addition, there was a re-establishment of connectivity between hemispheres from one month post-stroke to six months post-stroke. Improvement in touch discrimination at 6 months was associated with increased FC between contra-lesional seeds and distributed regions, including cerebellum. The study was limited by a small sample (10 participants) that comprised a mix of single hemisphere lesions (six left, four right). Similar to Dinomais et al. (2013) data were flipped so any differences in FC associated with side of lesion were therefore hidden.
With the prevalence of post stroke somatosensory dysfunction and lack of studies examining possible local and distal affects of lesion damage to the somatosensory system, we sought to examine changes in FC of the somatosensory network in a cohort of stroke survivors with tactile impairments and explore the impact of lesion damage within the left or right hemisphere relative to healthy controls. We hypothesised that within stroke groups, connectivity between the ipsi-lesional seed regions and the contra-lesional hemisphere would be disrupted. Furthermore, we hypothesised that relative to healthy controls, both groups would show changes in FC in regions both local and remote to lesion site.
Materials and methods

Participants
Participants were recruited as part of the Connecting New Networks for Everyday Contact through Touch (CoNNECT) clinical trial (https:// anzctr.org.au/Trial/Registration/TrialReview.aspx?id=364147). Participants were required to be at least three months post-stroke, first episode of stroke (ischaemic or haemorrhagic) and experiencing somatosensory impairment in the upper limb. In addition, they were required to be medically stable, able to give informed consent, comprehend simple instructions, and be right-hand dominant. Stroke participants were excluded if they had a brainstem infarct, previous neurological dysfunction, history of impaired hand function, peripheral neuropathy in upper limbs, evidence of neglect on standard neuropsychological tests, or were not suitable for MRI.
Of 36 participants initially recruited and tested, seven were not included due to excessive head motion that caused noticeable distortions on the unprocessed functional scans and one was removed due to large drop out of signal in the anterior region of the brain caused by an implant. A final cohort of 28 stroke survivors (left lesion = 14, right lesion = 14, aged 27-75 years) were included. A healthy control group consisted of 14 participants (aged 27-81 years) who had no history of neurological dysfunction. They were matched to stroke survivors for age and sex. All participants were safe to undergo MRI scanning, able to give informed consent and right hand dominant. Informed consent was obtained before subjects participated in the study.
Demographic and clinical data
Background demographic data included age, sex and premorbid hand dominance (Oldfield, 1971) . Clinical data included stroke type, time since stroke, lesion location and severity of neurological impairment using the National Institutes of Health Stroke Scale (Brott et al., 1989) .
Tactile sensation for the fingertip (usually index) was measured within 48 h of the MRI scan using the Tactile Discrimination Test (TDT; Carey et al., 1997) . The TDT requires participants to discriminate differences in finely graded plastic texture surfaces using the method of constant stimuli and a three-alternative forced-choice design. It has high retest reliability, age-appropriate normative standards, and good discriminative properties. Touch detection, using the WEST hand monofilaments (WEST; Weinstein, 1993) , and a visual analogue scale of ability to feel the touch stimulus during the functional MRI scan were also obtained. Healthy controls were also assessed on measures of somatosensation within 48 h of the MRI.
Functional MRI acquisition
Imaging data was acquired on a 3 Tesla Siemens Trio MRI scanner. Resting-state functional data was acquired using an echo planar imaging (EPI) sequence over 7 min (TR = 3000 ms, TE = 30 ms, 3 mm isotropic voxels, 72 × 72 matrix, 44 slices, 216 mm FOV). Participants were instructed to "Close your eyes and rest. You do not need to think about anything in particular" and also that they should "stay awake throughout the scan". Following the scan this was confirmed by participant report. Resting state acquisition was consistently conducted after a touch activation task to the fingertips (for a description of the paradigm, please see Carey et al., 2011) .
A high resolution MPRAGE scan (TR = 1900 ms, TE = 2.55 ms, 256 × 256 matrix, 160 slices, 216 mm FOV) was collected for co-registration to the functional data, segmentation and normalisation to Montreal Neurological Institute (MNI) space. 2D FLAIR (fluid attenuation inverse recovery sequence; 1 mm isotropic, TR = 6000 ms, TE = 388 ms, 100 mm FOV) acquired axially for delineation of infarcts.
Functional MRI task data for seed construction was collected on the same scanner from 24 healthy controls, also from the CoNNECT study, performing a tactile discrimination task (described in Carey et al., 2002) . Of the 24 participants, 14 were also included in this study. Briefly, digits two through four were stimulated on a single hand per run using a texture grid moving from side to side across the fingers at alternating frequencies of 1.5 and 3 Hz for 30 s per frequency. One hundred and thirty volumes were collected for each run (TR = 3000 ms, TE = 30 ms, 3 mm isotropic voxels, 72 × 72 matrix, 44 slices, 100 mm FOV).
Lesion mask creation
Axial FLAIR images were used to identify and draw a region of interest (ROI) mask around the primary infarct hyperintensity using mricron (http://www.mccauslandcenter.sc.edu/mricro/mricron/index. html). Masks were drawn by a trained neuroimaging researcher, quality checked and modified as necessary by a neurologist to ensure they accurately represented the infarct.
Seed construction
To examine FC of the somatosensory network and differences between lesioned hemispheres, four seed regions of interest were identified within the functionally and anatomically defined left and right S1 and S2 cortical regions. Seed regions were defined from the fMRI data of 24 healthy control participants described in section 2.3. Data were preprocessed and analysed using a standard pipeline using SPM8 and iBrain Tools for SPM (https://www.florey.edu.au/iBrain; slice timing correction, realignment, normalisation to MNI space). First level analysis consisted of a standard general linear model with stimulation periods of each hand contrasted with rest. Significant voxels from individual contrasts of left hand stimulation and right hand stimulation compared to baseline were initially thresholded using voxelwise family wise error (FWE) correction (p < 0.05). Two sub clusters were identified for S1 and S2 regions. The peak voxel value in each cluster was identified (S1 left = −60, −22, 44; S1 right = 60, −18, 40; S2 left = −58, −16, 16; S2 right = 54, −18, 16) and the seed created by taking voxels with the top 100 highest values within the cluster including the peak. Seeds were checked for contiguousness and none contained disconnected voxels. The 2 mm-sampled seeds were then spatially resampled to 1 mm for registration onto T1 weighted structural scans for visualization purposes and 3 mm for further analysis using SPM12. Overlap of the seed regions with primary and secondary cytoarchitectonic-defined somatosensory areas was checked using the SPM Anatomy toolbox (Eickhoff et al., 2005 (Eickhoff et al., , 2007 . Percentage overlap of seeds within cytoarchitectonic-defined primary and secondary somatosensory regions are presented in Table 1 .
From Table 1 it can be seen that the majority of all seeds were within the primary or secondary somatosensory regions. Seed positions can be visualised in Fig. 1 .
Analysis of clinical data
Statistical analysis of demographic and clinical data was conducted using R v. 3.3.1. (http://www.r-project.org) and the following packages: stats (R Core Team, 2013) for chi-square and t-testing, phia (https://cran.r-project.org/web/packages/phia/) for extraction of interaction summary statistics, lme4 (Bates et al., 2015) for analysis of variance (ANOVA) modelling, and multcomp (Hothorn et al., 2008) for post-hoc analysis and control of multiple comparisons the using pairwise Tukey's method.
Functional connectivity pre-processing and analysis
Customised data cleaning pipelines were constructed to optimise pre-processing. This included a pipeline tailored for the pre-processing of stroke data. Pipelines were constructed using components of DCMstack (https://github.com/moloney/dcmstack), Analysis of Functional NeuroImages (AFNI; Cox, 1996) , SPM12 v6685 (http://www. fil.ion.ucl.ac.uk/spm/software/spm12/), Advanced Normalization Tools (ANTS; Avants et al., 2011) , Numpy (van der Walt et al., 2011) , Scipy (Oliphant, 2007) and Nibabel (https://github.com/nipy/nibabel), and combined under the NiPype framework (Gorgolewski et al., 2011) . See Fig. 2 for a schematic of the processing procedure and software used. Anatomical image pre-processing consisted of segmentation using the SPM new segmentation method (Ashburner and Friston, 2005) and co-registration to the mean echo-planar imaging (EPI) image. White matter (WM) and cerebro-spinal fluid (CSF) masks were created by thresholding the segmented WM and CSF images at 0.99 and eroding two times using a 3 × 3 × 3 mm structure element. Normalisation to MNI space was performed by transforming an MNI space 3 × 3 × 3 mm template image to subject space then using the inverse transformation matrix to warp the T1 image from subject space to MNI space. Stroke patients had their FLAIR and lesion mask included in the pipeline, which were co-registered to the T1 image and co-registered to the EPI image. Lesion masks were warped to MNI space and resliced to 1 mm resolution for group summary information.
Pre-processing of EPI data included despiking, slice timing correction to the central slice and realignment to the first volume. Motion and physiological related artifact were regressed from the data using the Friston 24 parameter model (Friston et al., 1996) and aCompCor (Behzadi et al., 2007) taking the top five components each for WM and CSF mask extracted signals. The data were Fourier bandpass filtered (high-pass = 0.01 Hz/100 s, low-pass = 0.08 Hz/12.5 s), normalised to MNI space using the inverse transform matrix computed from the EPI space T1 and smoothing using a 6 mm Gaussian kernel. Global signal regression was not used (Gotts et al., 2013) . Data were visually inspected before and after each pre-processing run to ensure data quality and inclusion for further analysis. Mean time series from each of the seeds were extracted (using a customised script based on nibabel and numpy) and the signal correlated with all voxels within the brain masked pre-processed EPI images using Pearson's correlation coefficient. One correlation map was produced for each seed for each participant (four maps per participant). Connectivity maps for each seed were then Fisher transformed to satisfy the normality assumption of general linear modelling and used in second level full factorial analysis performed with SPM. One and two sample t-test contrasts were initially conducted between controls and lesion subgroups and were corrected for multiple comparisons using FWE cluster level correction with the cluster forming threshold set at p < 0.001 (Eklund et al., 2016; Woo et al., 2014) . Contrasts that showed significant differences in FC between healthy controls and lesion subgroup were subsequently used to examine for differences in FC between the lesion subgroups with the cluster mask used as a region of interest. A small volume correction (SVC) analysis was used to assess for significant differences. Clusters of significant FC from each of the seeds were localised using the Automatic Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002) as found in the WFU PickAtlas v3.0.5 (Maldjian et al., 2004; Maldjian et al., 2003) .
Laterality index
A laterality index (LI) was calculated for each MNI space Fisher transformed seed map for each participant using the method outlined by Park et al. (2011) . In short, voxels equal to or above the upper 95th percentile of values were considered connected with the seed and used in the formula LI = (seed hemisphere − contra-seed hemisphere)/ (contra-seed hemisphere + seed hemisphere), modified from Seghier (2008) . This resulted in LIs that ranged from −1 to 1, with an LI of −1 indicating contra-seed hemisphere connectivity only, 1 indicating ipsiseed hemisphere connectivity only and 0 symmetrical connectivity. Seed and contra-seed hemispheres were determined by splitting the maps at the mid-point of the x-axis.
Results
Demographic and clinical information
Demographic and clinical results for left and right lesion groups and healthy controls are presented in Table 2 .
Demographics
Pearson's Chi-squared test with simulated p-value based on 10,000 replicates found no significant difference between the groups in numbers of each sex (χ 2 = 3.41, p = 0.28). No differences were found in ages between the groups (F(2, 39) = 0.07, p = 0.93).
Both stroke groups contained outlier values for days post-stroke (the left lesion group had one female participant who was 3775 days poststroke. The right lesion group had two females who were 1553 and 2188 days post-stroke). No differences were found in days post-stroke between the left the right lesion groups with the outliers included (t (21.85) = 0.14, p = 0.88) or removed (t(23.89) = 0.59, p = 0.56). There was no significant difference in lesion size between the two lesion group (t(19.08) = 0.031, p = 0.76).
Clinical
To test for differences in group scores on the TDT, a 3 (group) × 2 (hand: affected/unaffected) mixed model ANOVA was conducted. The analysis showed significant main effects of group (F(2,39) = 13.28, p < 0.001), hand (F(1,39) = 46.61, p < 0.001) and a group × hand interaction (F(2,39) = 15.47, p < 0.001). Post-hoc pairwise Tukey analyses showed the interaction was due to significantly lower TDT scores for left lesion group compared to healthy controls (left affected vs. healthy left: z = 6.20, p < 0.001, left affected vs. healthy right: z = 6.66, p < 0.001) and right lesion groups compared to healthy controls (right affected vs. healthy left: z = 5.76, p < 0.001, right affected vs. healthy right: z = 6.22, p < 0.001). The 'unaffected' hand of the left lesion group had a significantly higher TDT score compared to the affected (z = 6.97, p < 0.001). Similarly, the right lesion group showed higher TDT score for the 'unaffected' hand compared to the affected (z = 5.43, p < 0.001). There were no detected differences in TDT score for: the right and left hands of controls; affected hands between left and right lesion groups; unaffected hands between left and right lesion groups; or unaffected hands of each lesion group and controls (all z < 1.30, p > 0.75).
WEST log pressure scores were also examined using a 3 × 2 mixed design ANOVA. The analysis showed significant main effects of group (F (2,78) = 22.96, p < 0.001), hand (F(1,78) = 67.85, p < 0.001) and a group × hand interaction (F(2,78) = 13.66, p < 0.001). Post-hoc tests showed a similar pattern of impairment as for the TDT. The interaction was due to lower log WEST scores for healthy controls in both the left and right hands when compared to the left lesion group's affected right hand (left affected vs. healthy left: z = 8.73, p < 0.001, left affected vs. healthy right z = 8.13, p < 0.001) and the right lesion group's affected left hand (right affected vs. healthy left: z = 6.78, p < 0.001, right , the criterion of normality is 66.1 AUC, with lower scores indicating poorer performance); WEST, Weinstein Enhanced Sensory Test touch detection score for the fingertip used in the TDT (threshold is in grams pressure. Normal performance at the fingertip is 0.07 g and severe impairment 200 g. Due to wide range in the WEST scores, data were log transformed for statistical analysis). VAS touch = Visual Analogue Scale of perceived ability to feel tactile stimulus during functional magnetic resonance imaging (scale 0.0-10.0, with lower scores indicating poorer performance). Note: Affected hand refers to the hand opposite to the side of lesion. Unaffected hand refers to hand on the same side as the lesion, although it is acknowledged that this limb may also have some impairment. For control participants where no impairment exists, the right hand has been designated "affected" and the left "unaffected" for comparison with clinical scores.
affected vs. healthy right: z = 6.18, p < 0.001). The unaffected hand of the left lesion group had a significantly lower (better) log WEST score compared to the affected (z = 7.68, p < 0.001). Similarly, the right lesion groups showed lower log WEST score for the unaffected hand compared to the affected (z = 5.98, p < 0.001). There were no differences in WEST log score detected for: the right and left hands of controls; affected hands between left and right lesion groups; unaffected hands between left and right lesion groups; or unaffected hands for each lesion group and controls (all z < 1.04, p > 0.90). Differences between groups for the Visual Analogue Scale (VAS) were also examined using a 3 (group) × 2 (hand: affected/unaffected) mixed model ANOVA and Post-hoc pairwise Tukey analyses. There was a significant effect of group (F(2, 76) = 3.99, p = 0.02), hand (F(1, 76) = 16.67, p < 0.001) and group by hand interaction (F(2, 76) = 4.15, p = 0.02). The interaction was due to decreased perceived stimulus intensity in the left lesion group's affected hand compared to healthy control's left (z = 3.99, p < 0.001) and right (z = 4.27, p < 0.001) hands, the right lesion group's non-affected hand (z = 4.76, p < 0.001) and the left lesion group's unaffected hand (z = 4.45, p < 0.001). No significant differences between hand or group were found for controls or the right lesion group.
In summary, the affected hands of the left and right hemisphere lesion groups showed significantly poorer touch discrimination and less tactile sensitivity when compared to unaffected hands, or either hands of healthy controls for both the TDT and WEST. The boxplots presented in Fig. 3 display: (A) the means, medians and range of TDT scores; (B) the log mean, median and range of WEST gram pressure scores and (C) Visual Analogue for the three groups.
Lesion location
Both groups showed lesions spread over frontal, parietal and temporal cortical regions. Subcortical lesion damage was present within thalamic and striatum regions. The left lesion group had a larger proportion of participants with damage to the S1 region while the highest overlap for each group was within the insula/operculum (OP) (S2). Two of the left group also showed lesion damage within the superior cerebellum. No individual showed cross hemispheric damage. Lesion overlap images are presented in Fig. 4 .
Due to lesion damage within primary and secondary somatosensory areas, the percentage of overlap of a lesion of an individual on a seed for the two stroke sub-groups was calculated for all seeds to determine the residual percentage of the seed region not impacted by a lesion. As summarised in Table 3 , the seeds within the lesion damaged hemisphere for both groups had between 44.42 and 65.71% not overlapping with lesions, while non-lesion hemisphere seeds were unaffected.
Functional connectivity
Within group results
Resting state functional connectivity maps from S1 and S2 seeds are presented for healthy controls, left hemisphere lesion and right hemisphere lesion groups. Results of the one sample t-tests for each group relative to each seed region are presented in Fig. 5 .
Healthy controls showed the expected symmetric FC and interhemispheric FC between the seed regions and other regions associated with somatosensory processing. These regions included bilateral postcentral gyri (S1), bilateral insula/operculum (S2), anterior cingulate, bilateral superior and mid occipital gyri, bilateral thalami and bilateral cerebellum. Both left and right lesion groups showed qualitative disruption of FC between the seeds and inter-hemispheric regions including the cerebellum.
Between group results
Regions where significant differences in FC were found between the groups are summarised in Table 4 . The region, the peak voxel value and MNI coordinates of the connected region are reported, together with cluster size and associated statistics. In addition, the SVC analysis between lesion sub groups is presented. Fig. 6a presents the regions in which controls showed increased FC compared to stroke lesion groups and Fig. 6b displays regions of increased FC for the right hemisphere lesion group compared to healthy controls and the left lesion group.
Healthy age-matched controls showed increased FC compared to lesion subgroups for the left S1, left S2 and right S2 seeds. Increased FC was observed from the left S1 seed when compared to both lesion subgroups combined, and when examined individually. Controls showed increased FC to the combined subgroups from the left S1 seed to three regions exclusively in the right hemisphere; the postcentral gyrus (S1), mid temporal gyrus and the operculum (OP) (S2). FC between the left S2 seed was significantly increased for controls when compared to combined lesion subgroups and the right lesion group only. Both contrasts showed increased S2 FC for controls to right insula/OP (S2). The control compared to combined lesion groups showed increased FC between the right S2 seed and three regions within the left hemisphere; the left insula/OP (S2), supramarginal gyrus and mid occipital region.
When contrasted to the left lesion group, the control's left S1 seed showed increased FC to the right postcentral and mid temporal regions. Increased FC was also observed for controls to the left parietal and mid occipital regions. There were no other significant differences from other seeds. When compared to the right lesion group, the control left S1 seed showed increased FC to the right OP. In addition, increased FC was observed for controls from the right S2 seed to the right mid occipital area, the left superior temporal and mid occipital areas.
Only the right lesion subgroup showed significantly increased FC compared to controls and the left lesion group. Increased FC was observed between the right S1 seed and the right inferior parietal area. When contrasted to the left lesion subgroup, three neighbouring clusters showed increased FC for the right lesion group compared to the left, two within the right angular gyrus and one in the right inferior parietal area. No significant increases in FC were detected for the left lesion subgroup when compared to controls or the right lesion subgroup.
Laterality index
Laterality Index (LI) data for each of the three groups and four seed maps (S1 left/right, S2 left/right) are presented in Table 5 . Fig. 7 presents the LI for each seed map and group. High inter-individual variance was observed particularly for S1 LIs (see error bars in Fig. 7) .
LI analysis was conducted using a 3 (group) × 4 (seed map) mixed model ANOVA. There was a significant main effect of group (F(2, 39) = 7.93, p < 0.001), seed map (F(3, 117) = 3.04, p = 0.03) and a group × seed map interaction (F(6, 117) = 2.83, p = 0.01).
Post-hoc pairwise Tukey analyses revealed that within the left lesion group, there was significantly higher LI values (greater lateralisation toward the seed hemisphere) for the contra-lesional S1 map (z = 4.34, p < 0.001) and the contra-lesional S2 map (z = 3.92, p < 0.01) compared to the ipsi-lesional S2 seed. No other within group effects were found.
Between group results showed significantly increased LI for the left lesion group's contra-lesional (right) S1 seed map compared to the healthy control's left S1 map (z = 3.87, p < 0.001), right S1 map (z = 3.34, p = 0.036), left S2 map (z = 3.78, p ≤ 0.01) and right S2 map (z = 3.38, p = 0.03). The left lesion group also showed significantly increased LI in the contra-lesional (right) S2 seed map compared to healthy control's left S1 map (z = 3.54, p = 0.02) and left S2 map (z = 3.46, p = 0.02).
The right lesion group showed significantly increased LI for the contra-lesional S2 seed map compared to healthy control's left S1 seed map (z = 3.40, p = 0.28) and left S2 seed map (z = 3.35, p = 0.03). No significant differences in LI were found between left and right lesion groups.
In summary, healthy controls showed symmetrical activity across hemispheres. The left lesion group showed a more symmetrical pattern of connectivity from the ipsi-lesional S2 seed map compared to contralesional seed maps. Additionally, LI was increased for contra-lesional seed maps compared to controls. The right lesion group showed increased LI in the contra-lesional S2 seed map compared to left seed maps of controls.
Discussion
Our findings highlight the influence of hemisphere of lesion on differences in location and laterality of functional connectivity (FC) alterations in stroke survivors with impaired touch sensation. Additionally, our findings suggest further investigation into the role attention plays in tactile recovery post-stroke.
We explored differences in FC from primary and secondary somatosensory areas (S1/S2) in chronic stroke survivors with tactile dysfunction based on lesioned hemisphere. Clinically, the lesion subgroups displayed somatosensory deficits in contra-lesional but not ipsilesional hands. Anatomically, both left and right lesion stroke groups showed damage localised to their respective hemispheres, with the highest amount of lesion overlap occurring within the insula/S2 region. Healthy controls showed highly symmetrical functional connectivity between hemispheres from left and right S1 and S2 seeds in both FC and LI analyses. FC and LI in left and right lesion groups was noticeably altered between the hemispheres. Disrupted inter-hemispheric functional connectivity was observed for both lesion groups. Between-group analysis of lesion subgroups compared to healthy controls showed decreased FC in areas within the somatosensory network (including right S1, right S2, and bilateral insula) and other functional networks (e.g. visual) for both lesion groups. The right lesion group showed increased FC when compared to the left lesion group in several regions including those associated with visual processing and attention. Differences in laterality were found with a significant interaction between group and seed.
Functional connectivity
Within groups effects
We observed disruption of inter-hemispheric FC from both hemispheres irrespective of hemisphere of lesion. This observation was supported by our LI results for S1 and S2. Changes to inter-hemispheric FC are commonly reported for stroke survivors (Carter et al., 2012; Grefkes and Fink, 2014) , with increased FC between the two hemispheres suggesting better recovery outcomes (Carter et al., 2010; van Meer et al., 2010) . In the motor system, Ward and Cohen (2004) NeuroImage: Clinical 18 (2018) 342-355 proposed that inter-hemispheric FC is due to an inhibitory relationship between the two hemispheres, whose function is to suppress mirrored, simultaneous movements. While these observations are specific to the motor system, the somatosensory system also typically displays a symmetrical FC profile across the hemispheres (Eickhoff et al., 2008; Kastrup et al., 2008; Klingner et al., 2010) and interacts strongly with the motor system (Ackerley et al., 2016) . There is some evidence for a cross-hemisphere inhibitory effect in the somatosensory system from healthy participants during tactile stimulation (Kastrup et al., 2008; Klingner et al., 2010) . These studies showed greater deactivation from the side ipsi-lateral to stimulation. Furthermore, the deactivation response was associated with decreased regional perfusion and correlated with increased perceptual thresholds (Schaefer et al., 2006) . We propose that damage to the somatosensory system in one hemisphere may disrupt inter-hemispheric inhibition and affect tactile thresholds.
Pooled lesion groups compared to control
Healthy controls showed greater inter-hemispheric FC from the left S1 seed and bilateral S2 seeds compared to the combined stroke cohort. The left S1 seed showed increased FC to the right S1, S2 and mid temporal regions. In addition, both S2 seeds showed increased connectivity to the opposite insula region, and for the right S2 seed, to left supramarginal gyrus and mid occipital regions.
To our knowledge this is the first time that changes in inter-hemispheric connectivity have been reported for somatosensory function in chronic stroke. A similar study by Bannister et al. (2015) used seed based analysis of major nodes in the somatosensory network to examine FC post-stroke in a cohort with identified tactile impairment. Differences were however noted between the two studies. For example, Bannister et al. observed reduced intra-hemispheric connectivity between S1 regions at 1 and 6 months post-stroke, however no interhemispheric effects were found.
Divergent results may be due to sample and methodological differences. The sample used in Bannister et al.'s study were all recruited and scanned at 1 and 6 months post-stroke. In this study we had a sample of chronic stroke survivors at different times post-stroke (median 13 months). It is likely the difference in results between this study and those of Bannister et al. were contributed to by the differences in sample time post-stroke. Stroke participant data were flipped by Bannister et al. to produce a common lesioned hemisphere. Despite an argument for increasing statistical power, the effects of flipping have not been systematically examined. In our study, significant differences were only observed in the contra-seed hemisphere. 4.1.3. Left lesion group 4.1.3.1. Left lesion group compared to controls. The left lesion group showed significantly decreased FC between the ipsi-lesional S1 seed and contra-lesional S1 region compared to controls. Studies examining changes in inter-hemispheric activity in the motor system post-stroke (Rehme et al., 2012) have shown ipsi-lesional disruption between the primary motor (M1) area with the contra-lesional M1. Park et al. (2011) examined inter-hemispheric FC between M1 regions in 12 patients and found connectivity between the two regions remained decreased from onset of stroke until at least 6 months post. Bannister et al. (2015) showed a similar disconnection in the somatosensory system from one month post-stroke, but with some return at six months. Our findings add to this with evidence that chronic stroke patients with a left lesion displayed decreased inter-hemispheric FC between primary somatosensory regions at a median of 13 months post-stroke compared to controls.
In addition to decreased FC between primary somatosensory areas, there was also decreased connectivity from ipsi-lesional S1 to the ipsilesional parietal and mid occipital, and contra-lesional temporal areas. These areas are part of the dorsal attention network (DAN), which has been associated with selective focussing of attentional resources toward sensory information of importance (Vossel et al., 2014) . Tactile sensation has been linked with attention, with animal models showing neuronal synchronous firing is altered based on attentional load (Hyvärinen et al., 1980; Steinmetz et al., 2000) . In human studies, electrophysiological responses have shown alterations in amplitude and latency (for event related potential studies) and power (for frequency studies) when tactile stimulation has been coupled with cued attention (Eimer et al., 2003; García-Larrea et al., 1995; Jones and Forster, 2014) , as have fMRI studies (Johansen-Berg et al., 2000; Meador et al., 2002) . Functional connectivity studies post-stroke have also found potential links between the somatosensory system and attention (Bannister et al., 2015; Carey et al., 2011 ), suggesting that further examination of the possible connection between the somatosensory system, attention and Fig. 5 . Significant, functionally connected voxels from each seed region for healthy controls (left column), left hemisphere lesion stroke (middle column) and right hemisphere lesion stroke (right column) groups. Functional connectivity for each of the seeds is depicted as follows: from the S1 left (top row), S1 right (second row), S2 left (third row) and S2 right (bottom row) seeds. Axial slices were chosen to show the mid point of seeds for S1 (Z = +42) and S2 (Z = +18), and connectivity to thalamus (Z = −2) and cerebellum (Z = −51) of both hemispheres. Left side of brain is shown on left of image. tactile perception is warranted. 4.1.4. Right lesion group 4.1.4.1. Right lesion group compared to controls. In contrast to the left lesion group, the right lesion group showed increases and decreases in FC when compared to healthy controls. Differences included decreased FC from contra-lesional S1 and S2 to the ipsi-lesional S2. In addition, FC was decreased from the ipsi-lesional S2 to bilateral mid occipital and contra-lesional superior temporal regions. The right lesion group showed greater connectivity within hemisphere from ipsi-lesional (right) S1 to the right inferior parietal lobe (rIPL).
Involvement of bilateral S2 changes are important given the regions putative functions. The S2 region of the somatosensory network has been described as an association and information integration area (Eickhoff et al., 2010; Thoma et al., 2007; Wu et al., 2014) . Non-primate and primate studies (Hihara et al., 2015; Wong et al., 2015) have shown S2 to be responsive to multiple sensory inputs, including auditory and visual. Human studies (Bremmer et al., 2001; Gazzola and Keysers, 2009 ) have shown S2 to respond to visual motion stimuli. Others have suggested S2 and auditory corticies to be linked (Kleber et al., 2016) based on evidence of anatomical connection (Ro et al., 2013) , reports of tactile stimuli activating regions of the auditory cortex (Schürmann et al., 2006) , auditory stimuli activating S2 (Lang et al., 2011) and interactions between the two (Iguchi et al., 2007; Seghier et al., 2015) . Furthermore, S2 has been suggested to facilitate interhemisphere interactions (Chung et al., 2014; Klingner et al., 2010) . Despite the similarity of lesion damage between the two groups, only the right subgroup showed disruption of inter-hemispheric FC between ipsi-lesional S1 and S2 with the contra-lesional S2. Decreased FC was found from the right ipsi-lesional S2 seed to contra-lesional superior temporal gyrus and bilateral visual areas.
The right hemisphere lesion group showed significantly increased FC from the right S1 seed to the rIPL. This region is part of the Frontoparietal Control Network (FCN), a network that may act as intermediary between DAN and Default Mode networks (Vincent et al., 2008) . Studies have found the region to have increased activation of the IPL during tasks that require inhibition of responses, such as the stop signal task (Aron and Poldrack, 2006) and suppression of visual response (Aso et al., 2016) . This region has also been associated with multi-modal sensory information integration (Beauchamp et al., 2010; Gentile et al., 2011; Renier et al., 2009) . Animal models have shown anatomical connections between the IPL and somatosensory regions (Cavada and Goldman-Rakic, 1989) , while Avanzini et al. (2016) found the IPL to be part of a larger phase associated somatosensory network. Bilateral differences in function have also been suggested (Zhang and Li, 2014) , with the left IPL involved in language processes while the right is associated with spatial attention. To speculate, the increased FC from the right S1 seed may suggest that when processing somatosensory information, inhibition of conflicting sensory information and increased reliance on attentional systems could be enhancing the somatosensory information (Johansen-Berg et al., 2000) . Further, post-stroke, the recruitment of cortical regions to compensate for damage in adjacent areas is now well established (Green, 2003; Grefkes and Ward, 2014; Ward, 2011) . Despite both groups having lesion damage located around S2, only the right lesion group showed decreased FC between left somatosensory seeds and the right S2 compared to controls. This interpreted disruption may have shifted S2 functions to the neighbouring rILP. For the left lesion group, this shift may have been unnecessary due to minimally disrupted bilateral S2 FC.
4.1.4.2. Right lesion group compared to left lesion group-level. The right lesion group showed greater FC compared to the left hemisphere group from ipsi-lesional and contra-lesional S1. Increased FC was evident from the contra-lesional left S1 seed to the left superior parietal and mid occipital regions. Controls also exhibited increased FC between these regions when compared to the left lesion group. Links between the somatosensory and visual systems have been documented in animals (Guipponi et al., 2015; Hihara et al., 2015) and humans (Amedi et al., 2005; Sathian and Lacey, 2007) . For example, blind individuals show responses in the visual cortex while reading Braille (Amedi et al., 2003) . Weisser et al. (2005) showed that temporary sight-deprived participants showed increased tactile acuity compared to controls and changes within the intraparietal sulcus and mid occipital regions. In sighted individuals, Tal et al. (2016) showed the inferior lateral occipital cortex (LOC) was selectively activated to contralateral tactile stimulation of the hand and upper torso. Furthermore, this activity was thought to be driven by S1. Our results show that both controls and the right lesion group had increased FC between the left S1 seed and right mid occipital region, which overlaps with the inferior LOC. This may suggest links between the visual and somatosensory systems are disrupted with lesion damage to the left hemisphere, but not with damage to the right. In healthy individuals, Tal et al. (2016) suggest this link may have formed with increased reliance on tools in everyday life, yet within the context of stroke implications of the disruption between these two regions is unclear.
Laterality index
Symmetric patterns of FC have been established for healthy adult participants in the somatosensory system (Bannister et al., 2015; Burton Table 4 Regions that showed significant between-group functional connectivity differences.
Seed
Region Hodkinson et al., 2016) . Our findings support a symmetrical pattern of inter-hemispheric connectivity for S1 and S2 in older healthy controls as evidenced by LI values close to zero. The hypothesis of disruption of inter-hemispheric FC for the stroke groups was partially supported, with a subset of the seed maps showing an increased laterality effect. The left lesion group showed an increased LI for contralesional (right) S1 and S2 compared to controls. In comparison, the right lesion group only showed an increased LI for contra-lesional (left) S2 compared to controls. Interestingly increased laterality was evident for contra-lesional S2 for both groups. In animal models, Bauer et al. (2014) found gradated, focal lesioning of the somatosensory cortex produced decreased FC in ipsi-and contra-lesional hemispheres when seeded from the ipsi-lesional hemisphere, while contra-lesional hemisphere FC was decreased between hemispheres but relatively stable within-hemisphere. Currently there is little data in human studies relating to the role laterality of resting state FC plays in the somatosensory system and the impact on post-stroke recovery. Our results show that substantial amounts of heterogeneity exists for LI score across both hemispheres from both primary and secondary somatosensory regions in chronic stroke survivours. This may be a useful measure in identifying individual differences in tactile recovery profile post-stroke.
Limitations
An unavoidable limitation of this study was the impact of the lesion on the seed. Ideally the signal provided by the seed is minimally disrupted by the tissue damage and the seed is primarily within a region of viable cortical tissue to minimise the noise component of the lesion through averaging of the signal over voxels. Our study had a specific focus on S1 and S2 regions with seeds independently derived from activation maps from a cohort of healthy participants. The stroke Fig. 6 . Images of increased FC between controls and lesion subgroups (6a) and increased FC between lesion subgroups and controls or respective lesion subgroups (6b). N·S. = no significant difference. participants however had extensive lesions within S1 and S2 with approximately 50% of the ipsi-lesional seeds potentially impacted by the lesion. Nevertheless, the focal impact of the lesion on the brain regions of interest is part of the problem. Additionally, the method of normalising data in part to remove artifact and increase signal in low signal to noise voxels amplified the noise component of seeds partially or fully within the lesioned area. This noise component however is assumed to be white, which would potentially decrease the correlation between seed and cortical areas. Despite these limitations, both lesion groups produced FC within a spatially similar somatosensory network to the healthy controls and past studies (Bannister et al., 2015) , with differences consistent with the hypotheses.
Additionally, evidence from this and previous studies suggest attentional systems may be involved in with alterations of tactile perception post stroke. While we gathered a diverse range of tactile sensitivity measures, we did not use any clinical tests that measure attention. Exploration of attentional subdomains may be useful in explaining a portion variance in tactile function observed.
As a general methodological limitation, it must also be mentioned that the BOLD signal is an indirect measure of neural activity and considered to be a mix of signals originating from neural and membrane sources (Logothetis et al., 2001) . How information derived from BOLD translates to excitatory and inhibitory processes is still not understood. As FC is calculated from task negative BOLD signal, interpretation of increases and decreases of connectivity at the group level is currently ill-defined.
Summary and conclusion
In conclusion functional connectivity was altered in chronic stroke survivors with somatosensory impairment compared to age and sex matched healthy controls, with greater inter-hemispheric FC from left S1 and bilateral S2 in healthy controls. Stroke survivors with left hemisphere lesion had decreased FC from ipsi-lesional left S1 while those with right hemisphere lesion had decreased FC from bilateral S2, and contra-lesional left S1. They also showed greater intra-hemispheric connectivity than the controls and left lesion group. FC changes were found both within the somatosensory functional network and in interactions with other, associated functional networks.
Our results suggest that further consideration should be given to the role attentional processes play in post-stroke tactile dysfunction. Additionally, somatosensory FC profiles may be altered depending on the hemisphere damaged, despite similar levels of tactile impairment. Further exploration of post-stroke changes in FC of the somatosensory system should factor in hemisphere as a covariate. Mean (SD)/Median (MAD) values are presented. Note: ipsi-lesional refers to the seed map with the seed placed in the same hemisphere as the lesion. Contra-lesional refers to the seed map with the seed placed in the opposite hemisphere to the lesion. For control participants where no impairment exists, the left hemisphere has been designated "ipsilesional" and the right hemisphere "contra-lesional". A laterality index near zero indicates symmetrical or bilateral activity. Higher values indicate more lateralised function, i.e. increased activity of the seed hemisphere compared to the homologous seed in the opposite hemisphere. Fig. 7 . Laterality Index (LI) for each seed map for controls (left column), left hemisphere lesion group (middle column) and right hemisphere lesion group (right column). Note: N.S = Not significant.
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